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Action potentialCytoplasmic streaming in Characean internodes enables rapid intracellular transport and facilitates
interactions between spatially remote cell regions. Cyclosis-mediated distant interactions might be
particularly noticeable under nonuniform illumination, in the vicinity of light–shade borders where
metabolites are transported between functionally distinct cell regions. In support of this notion, chlorophyll
ﬂuorescence parameters assessed on a microscopic area of Chara corallina internodal cells (area of inspection,
AOI) responded to illumination of nearby regions in asymmetric manner depending on the vector of
cytoplasmic streaming. When a beam of white light was applied through a 400-μmoptic ﬁber upstream of AOI
with regard to the direction of cytoplasmic streaming, non-photochemical quenching (NPQ) developed after a
lag period in AOI exposed to moderate intensity light. Conversely, no NPQ was induced in the same cell area
when the beam position was shifted to an equal distance downstream of AOI. Light–response curves for the
efﬁciency of photosystem II electron transport in chloroplasts differed markedly depending on the
illumination pattern (whole-cell versus small area illumination) but these differences were eliminated
after the inhibition of cytoplasmic streaming with cytochalasin B. Localized illumination promoted
chloroplast ﬂuorescence responses to electrical plasmalemma excitation at high light intensities, which
contrasts to the requirement of low to moderate irradiances for observation of the stimulus–response
coupling under whole-cell illumination. The results indicate that different photosynthetic capacities of
chloroplasts under general and localized illumination are related to lateral transport of nonevenly distributed
cytoplasmic components between the cell parts with dominant photosynthetic and respiratory metabolism.escence measurements in the
al quenching; PAR, photosyn-
II, photosystem II
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Cytoplasmic streaming is an important means of intracellular
communication, especially in giant cells like internodes of Characean
algae. It is generally accepted that continuous rotational ﬂow of
cytoplasm along the cell serves to distribution of solutes and
membrane vesicles between distant cell parts [1,2]. The liquid ﬂow
is generated by myosin motors bound to minute organelles that move
along the actin ﬁlaments attached to the inner surface of immobile
chloroplasts (reviewed in [3]). The ordered array of subcortical actin
bundles separates the stationary ectoplasm from the moving
endoplasm. The rapid ﬂow of liquid relative to the chloroplast array
accelerates the ion andmetabolite exchange between plastids and the
cytosol and enables vectorial lateral transfer of messenger molecules,thus affecting the plasmalemmal transport and metabolic activity of
organelles [1,4].
Despite generally recognized role of cyclosis in vital cell functions,
little is known about the inﬂuence of cytoplasmic streaming on
photosynthesis. In an early study Lucas and Dainty found that
inhibition of streaming by means of cytochalasin B had no effect on
the rate of photosynthetic CO2 ﬁxation in Chara cells exposed to
overall illumination [5]. Although this negative conclusion is valid for
uniform lighting conditions, it might be inapplicable to more general
cases of inhomogeneous illumination. When all parts of the cell are
exposed to even irradiance, the inﬂuence of intracellular lateral
transport might be less conspicuous than under nonuniform
illumination.
In the natural environment the cells are rarely exposed to uniform
light because they are partly screened by neighboring plants and are
exposed to constantly moving sunﬂecks [6]. When shaded and
illuminated cell areas alternate along the cell length, the lateral
cytoplasmic ﬂow enhances the interactions between the cell parts
with dominant respiratory and photosynthetic metabolism. The
interactions of chloroplasts and mitochondria are known to stimulate
the photosynthetic activity and protect chloroplasts from photo-
damage [7–10]. When the Characean internodes produce alternating
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uniform continuous light [11,12], the cortical mitochondria accumu-
late in cell regions with elevated activity of photosynthesis and
become scarce in photosynthetically inactive regions [13,14]. In
mesophyll cells of Arabidopsis thaliana, mitochondria and chloroplasts
exhibited coordinated relocation patterns under the action of weak or
strong light of various wavelengths [15]. In addition to mitochondrial
movement, the stream of ﬂuid might also promote distant in-
teractions between shaded and illuminated cell regions.
Previous experiments showed that localized illumination of a
small part of Chara cell induces asymmetric extracellular pH changes
on the opposite margins of illuminated area; the direction of this
asymmetry was determined by the vector of cytoplasmic ﬂow [16].
The light–shade border, at which the cytoplasm ﬂowed out from the
illuminated area, became the site of alkaline patch formation, while no
pH shift occurred on the diametrically opposite border where the
cytoplasm approached illuminated area from the darkened cell part.
In view of these ﬁndings, analysis of chlorophyll ﬂuorescence near the
light–shade borders under imposed light gradient seems to be
suitable for studying the inﬂuence of cytoplasmic streaming on
photosynthetic activity of chloroplasts.
Photosynthetic activity in vivo can be effectively assessed by
measurements of modulated chlorophyll ﬂuorescence using the
saturation pulse technique (reviewed in [17]). This method provides
information on the effective quantum yield of photochemical energy
conversion in photosystem II (ΔF/Fm') and on the extent of non-
photochemical ﬂuorescence quenching (parameter NPQ derived from
the Stern–Volmer equation and describing the protective heat
dissipation of excess energy). Similar to asymmetric formation of
alkaline spots on the opposite sides of illuminated cell region, the
asymmetry of non-photochemical quenching (NPQ) and of the
effective quantum yield of photosystem II (PSII) was observed [16].
The quenching of chlorophyll ﬂuorescence combined with the rise of
periplasmic pH mimicked on the millimeter scale the light-induced
formation of alkaline pH bands concurrent with the suppression of
photosynthetic activity in characean internodes. It was proposed that
intense light modiﬁes the cytoplasm properties, while the directed
movement of altered cytoplasm from the area of bright light to dimly
illuminated regions can affect the operation of chloroplasts and the
plasmamembrane transport systems. In the work [16] the intensity of
stray light on the shaded part of the light–shade interface declined
with the distance d between the light guide and the area of
measurements. This circumstance hindered the analysis of ﬂuores-
cence changes, because two variables (separation distance d and the
decreasing light intensity) should be taken into account. In the
present study, stray light was minimized by reducing dimensions of
the light guide and optimizing its orientation near the cell. In addition,
background light was imposed on the whole cell to provide better
control of light intensity on the shade part of the interface.
Considering the potential inﬂuence of cyclosis on photosynthetic
energy transduction, it is important to determine how the chloro-
plasts residing at intermediate irradiance respond to the cytoplasmic
ﬂow from cell regions with contrasting light conditions, i.e., from
brightly illuminated and shaded areas. This study describes strong
inﬂuence of cytoplasmic streaming on chloroplast functioning in cells
exposed to uniform and nonuniform illumination. Under identical
light conditions, the chloroplast photosynthetic activities near the
light–shade border differed greatly depending on the direction of
cytoplasmic ﬂow that carried either “darkened” or “irradiated”
cytoplasm toward the analyzed area. The results show that propaga-
tion of some messenger with the ﬂow of irradiated cytoplasm might
result in postillumination changes of chlorophyll ﬂuorescence aside
from the illuminated area. Furthermore, physiological responses of
chloroplasts to bright light and electrical membrane excitation were
found to be stronger under localized illumination than under uniform
illumination of the whole cell.2. Materials and methods
2.1. Plant material
Characean algae Chara corallina Klein ex Willd. were grown in an
aquarium at room temperature at daylight illumination (photosyn-
thetic photon ﬂuence rate ~20 μmol m−2 s−1 during daytime).
Individual internodal cells of about 6 cm in length and 0.9–1 mm in
diameter were excised from the strand and kept at least 1 day in
artiﬁcial pond water containing 0.1 mM KCl, 1.0 mM NaCl, and
0.1 mM CaCl2. The pH was adjusted to 7.0 by adding about 0.2 mM
NaHCO3. Fully elongated cells without calcium depositions were used
for experiments. The isolated cell was placed horizontally into a
transparent plexiglas chamber mounted on the stage of an inverted
Axiovert 25-CFL microscope (Carl Zeiss, Jena, Germany). Microscopic
observations and ﬂuorescence measurements were made on the
lower cell side. In Characean internodes the chloroplasts are anchored
and produce a dense single-layer array adjacent to the plasma
membrane.
The microscopic area of inspection (AOI) was chosen with the
provision of unidirectional cytoplasmic ﬂow in the view plane.
Experiments were mostly made on cell regions with comparatively
high photosynthetic activity, where pericellular external pH remains
neutral or slightly acidic under bright light. The localized illumination
was applied to cell regions positioned either upstream or downstream
in the cytoplasmic ﬂow with respect to AOI where chlorophyll
ﬂuorescence was assayed. The velocity of cytoplasmic movement in
nontreated cells was 75–110 μm/s as measured with a stop-watch.
2.2. Pulse-amplitude-modulated (PAM) microﬂuorometry
Chlorophyll ﬂuorescence parameters in the chloroplast layer were
determined with the saturation pulse method using Microscopy
Pulse-Amplitude-Modulated (PAM) ﬂuorometer (Walz, Effeltrich,
Germany). Measurements were performed on cell regions with a
diameter ~100 μm as described previously [18]. The output signal of
the photomultiplier was transmitted from the PAM Control Unit to a
PCI-6024E A/D convertor (National Instruments, United States) and
displayed on a computer screen using WinWCP program (Strathclyde
Electrophysiology Software).
Non-photochemical quenching NPQ and the effective quantum
yield of photosystem II photochemistry (ΔF/Fm') were calculated
from the formulas NPQ=(Fm−Fm')/Fm', and ΔF/Fm'=(Fm'−F)/Fm'
where Fm and Fm' are maximal yields of chlorophyll ﬂuorescence
induced by saturating light pulse in darkness (usually after 10-min
dark adaptation) and under actinic light, respectively and F is the
momentary ﬂuorescence yield measured under actinic light shortly
before the saturation pulse. The name Fq'/Fm' has also been suggested
as an alternative for the parameter ΔF/Fm' designating the PSII
operating efﬁciency [19]. Chlorophyll ﬂuorescence transients in
response to light and electrical stimuli were displayed as changes in
Fm', which is an immediately measured parameter and can be readily
recalculated to NPQ.
2.3. Fiber-optic illumination and cell shielding
The whole-cell illumination was accomplished with blue light
(maximal photon ﬂux density 100 μmol m−2 s−1) directed from the
upper light source of the microscope (a 25-W halogen lamp) through
a blue glass cut-off ﬁlter SZS-22 (λb580 nm). This light intensity was
attenuated with neutral glass density ﬁlters. The photon ﬂux from this
source was applied either separately as actinic light providing overall
and small area illumination or was used as supplementary back-
ground illumination in combination with a narrow beam of white
light obtained from a light-emitting diode (neutral white light,
Luxeon LXK2-PWN2-S00, Lumileds, United States).
Fig. 1. Changes in chlorophyll ﬂuorescence Fm' on a microscopic area of the
chloroplast layer in Chara corallina cell upon the onset of localized illumination
(500 μmol m−2 s−1) directed through a 0.4-mm-wide optic ﬁber adjusted in three
different positions: (1) 1 mm upstream of analyzed cell region (AOI) with regard to the
direction of cytoplasmic ﬂow, (2) 1 mm downstream of AOI, and (3) in the AOI. The
drawing under the graph shows different positions of the light guide along the cell with
respect to AOI and cytoplasmic streaming. The localized light directed at an angle of 30°
to the horizontal plane was superimposed on permanent background illumination of
the whole cell with moderate intensity light (28 μmol m−2 s−1). Arrow marks the
moment when localized illumination was switched on. The kinetic curves were
obtained by averaging replicate records from 3 to 4 cells; data points represent mean
values and standard errors of the mean.
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light guide with a core diameter of 400 μm. The ﬁber made of quartz
was covered with a silicone cladding and had a protective coating
made of polyamide resin (outer diameter ~700 μm). We also used a
multiﬁber light guide, with the core diameter of 2 mm [16]. The optic
ﬁber was positioned under the angle of 30° to the horizontal plane in
the direction normal to the cell axis. The inclined orientation
prevented the incidence on the cell of reﬂected light (light reﬂected
from the objective lens and the chamber bottom). In the case of thin
light guide, the stray and scattered light were additionally reduced as
a result of a small cross-section area of this optic ﬁber. Because of the
inclined orientation of the light guide, localized illumination could be
readily combined with uniform illumination of the whole cell. Thus,
the light intensity near the light–shade borders was determined by
the level of background overall illumination. The timing of illumina-
tion and darkening was controlled by WinWCP software via PCI-
6024E D/A board connected to the LED source.
The photon ﬂux density (PFD) created by the LED source at the
output end of the 2-mm-wide light guide was about 1500 μmol m−2
s−1, as measured with a Spherical Micro Quantum Sensor US-SQS
connected to a PAM Control Unit (Walz) or as calculated from the
sensor current and the calibration constant. The US-SQS sensor was
too large to measure PFD at the output end of the single-ﬁber light
guide. We attempted to estimate this PFD by comparing the heating
effects on an MT-54M microthermistor (sensitive tip diameter
0.7 mm, Agrophysics Institute, St. Petersburg, Russia) induced by
light beams transmitted through the wide and narrow light guides
connected to the same LED source. According to such estimates the
PFD transmitted through a single-ﬁber light guide was about
500 μmol m−2 s−1. This value was adopted as a reference; however
it might be underevaluated because the thermistor sensitive tip was
larger than the end of the optic ﬁber. If the ratio of optic ﬁber cross-
section and the microthermistor tip areas—(0.4/0.7)2—is taken into
account, the PFD estimate increases to 1500 μmol m−2 s−1.
The output end of the light guide was ﬁxed to a holder of KM-1
micromanipulator (Experimental Factory of Scientiﬁc Instrumenta-
tion, Chernogolovka, Russia); its position along the cell was ﬁnely
adjusted with micrometric screws of the micromanipulator. The front
edge of the light guide was moved close to the cell until it touched the
cell surface. A narrow gap was ﬁnally secured to avoid anymechanical
pressure on the cell.
The light response curves for cells exposed to overall and small
area illumination were compared using blue light from the micro-
scope upper illuminator. In this case local illumination was achieved
by placing a light-proof screen with a 2-mm-wide rectangular slit into
the light path at a distance of 2 mm above the cell. During
measurement of light response curves, the ﬂuorescence parameters
F and Fm' at each light intensity were determined after they achieved
steady-state values; duration of exposure was usually 3 min. In some
cases the transition to the stationary level took 5–6 min.
2.4. Electrical stimulation
Cells were stimulated with external electrodes as described before
[20]. Electrodes were placed in two compartments separated with
silicone oil (Baysilone, GE Bayer Silicones). The cells were stimulated
with single pulses of electric current (~10 μA, 150–200 ms). The
generation of action potential was detected from temporal cessation
of the cytoplasmic streaming.
2.5. Cytochalasin B application
Cytochalasin B was obtained from Serva. The stock solution was
prepared by dissolving the agent in dimethyl sulfoxide (DMSO) to a
concentration of 3 mg/ml. The ﬁnal concentration of cytochalasin B in
the solution during the treatment was 15 μg/ml (~30 μM), and theDMSO concentration was 0.5%. This concentration of DMSO does not
affect photosynthesis and cytoplasmic streaming [5].
Each experiment was performed on three to eight internodal cells
with several replicate measurements per cell. Error bars in ﬁgures
designate standard errors of the means; the number of cells is
indicated in ﬁgure captions. Data points on the light response curves
represent mean values from 5 to 7 assays for individual experiment;
standard deviations were comparable with the symbol size and are
not shown in graphs. Variability of the effective PSII quantum yield
was determined for a group of four cells: the standard deviations of
this parameter were mostly ≤0.05 at the intensity range examined.
3. Results
3.1. Cyclosis-mediated asymmetry of distant interactions between
chloroplasts
Fig. 1 shows changes in Fm' ﬂuorescence in the analyzed area (AOI)
that were induced by localized light (500 μmol m−2 s−1) applied
through a 0.4-mm-wide optic ﬁber in addition to permanent whole-
cell illumination of intermediate intensity (28 μmol m−2 s−1). Dif-
ferent traces of Fm' in the same AOI were recorded when the optic
ﬁber was placed in three different positions separated by 1-mm
Fig. 2. Changes in chlorophyll ﬂuorescence Fm' induced by localized illumination
(500 μmol m−2 s−1) with pulses of variable length under ﬁxed distance of 1.25 mm
between AOI and a 0.4-mm light guide positioned upstream of AOI. The pulses of
localized white light were superimposed on permanent background illumination of the
whole cell (28 μmol m−2 s−1). (A) Kinetics of Fm' changes in response to localized
pulses of variable durations: (1) 210 s (a record part is shown), (2) 90 s, (3) 75 s,
(4) 60 s, (5) 45 s, and (6) 30 s. Arrow indicates the moment when the pulses of
localized white light were switched on. (B) The amplitude of Fm' changes as a function
of light pulse duration. Data points represent the results of experiments with four cells;
the line is the Boltzmann ﬁt.
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in AOI when the optic ﬁber was positioned 1 mm upstream and 1 mm
downstream of AOI, respectively, with regard to the direction of
cytoplasmic ﬂow. Curve 3 was observed when the optic ﬁber
illuminated AOI directly.
Upon direct illumination of AOI with a pinpoint light beam, Fm'
decreased rapidly to a low stationary level, demonstrating the well-
known non-photochemical quenching (NPQ). When the optic ﬁber
was shifted 1 mm upstream of AOI to enable the delivery of
“irradiated” cytoplasm to AOI from the illumination area, the Fm'
quenching was also strong but it developed after a distinct lag period.
When the optic ﬁber was shifted 1 mm downstream of AOI to ensure
the outﬂow of irradiated cytoplasm in the direction opposite to AOI,
Fm' remained unaffected.
This asymmetry of Fm' quenching at equal distances d from AOI to
optic ﬁber occurred at a constant light intensity in AOI, which was
determined by permanent background illumination. The apparent
origin of this asymmetry is that the cytoplasmic composition is
modiﬁed in the brightly illuminated area and that some cytoplasmic
ingredient acts like a messenger that moves vectorially with the
cytoplasmic ﬂow along the cell. When the modiﬁed cytoplasm arrived
to remote chloroplasts exposed to moderate irradiance in AOI, the Fm'
was quenched (curve 1), although the background irradiance was by
itself insufﬁcient to quench Fm'when the modiﬁed cytoplasm traveled
away from AOI (curve 2). Clearly, the ﬂow of the cytoplasm modiﬁed
by brightly illuminated chloroplasts reduced the threshold irradiance
at which NPQ was mobilized.
It should be noted that the presence of overall background
illumination was necessary in this experiment. In its absence the
incidence of narrow light beam on any cell region located 1 mm from
AOI produced no quenching of Fm'. Remarkably, the Fm' transients
induced by direct action of narrow beam had different shapes in the
absence and in the presence of overall background light, even though
the intensity of the ﬁber-optic beam was almost 20 times higher than
the intensity of background illumination. In the absence of back-
ground light the initial Fm' drop in response to localized illumination
was followed by a prominent increase in Fm' (Section 3.5). The above
results and similar observations at longer distances between AOI and
the optic ﬁber suggest that the extent of NPQ and the effective
quantum yield of PSII primary reactions are not entirely determined
by light intensity in AOI but depend substantially on light conditions
at a distance of few millimeters from AOI. Distant interactions
between illuminated and shaded chloroplasts are readily detected
by ﬂuorescence measurements when a stepwise light gradient is set
along the cell.
3.2. Cyclosis-dependent Fm' transients as a function of light pulse
duration
Having established that localized illumination affects Fm' down-
stream of the illuminated spot if a background light is provided at the
light–shade interface, we examined the properties of these Fm'
changes. When the light pulse transmitted through the optic ﬁber
had long duration (2–4 min), the Fm' changes in AOI located
downstream of the narrow beam had complex nonmonotonic
kinetics, often with two minima or shoulders (e.g., Fig. 1, curve 1).
Upon shortening the light pulse, the Fm' kinetics acquired simpler
shapes (Fig. 2A). At a pulse length of 30–60 s, the minimum of Fm'was
attained earlier than with pulses of longer duration. The amplitude
of Fm' transients decreased with shortening of the light pulses.
Irrespective of the light pulse duration, the Fm' responses recorded
downstream of the illumination area developed after a certain lag
period.
Fig. 2B shows the S-shaped plot for NPQ, as calculated from Fm'
changes, against the duration of light pulses applied upstream of AOI.
The initial concave portion of the ﬁtting curve, characterized by theexponential time constant of 23.5 s, reveals the illumination period
sufﬁcient for modiﬁcation of the cytosol during exchange of ions or
metabolites between chloroplasts and the ﬂowing cytoplasm. During
this period (~20 s) some effector substance is produced inside
brightly illuminated chloroplasts and released into the streaming
liquid. Alternatively, some metabolite essential for photosynthesis is
depleted within ~20 s under light in chloroplasts and starts declining
in the cytoplasm.
Once the composition of cytoplasm ismodiﬁed through the release
or depletion of the effector metabolite during comparatively short
light pulses (20–40 s), the streaming ﬂuid would carry this modiﬁed
cytoplasm downstream and affect chloroplast functioning in the
shaded areas. It is expected that propagation of this modiﬁed
cytoplasm would continue after the termination of the light pulse,
thus causing postillumination changes of Fm'. Fig. 3 conﬁrms this
prediction. In this experiment intense localized illumination was
applied through a light guide whose ﬁber-optic core was positioned at
a 3-mm distance upstream of AOI, while the whole cell was exposed
tomoderate background light (31.6 μmol m−2 s−1). It is seen that the
application of 30-s and 45-s-long light pulses induced Fm' quenching
Fig. 3. Postillumination transients of Fm' induced by light pulses (1500 μmol m−2 s−1)
with duration of 30 s (open triangles) and 45 s (solid circles) that were applied through
a 2-mm ﬁber-optic light guide positioned upstream of AOI at a 3-mm distance between
AOI and the core edge. The localized light pulses were applied on the background of
permanent illumination of the whole cell (31.6 μmol m−2 s−1). Upward and
downward arrows mark the beginning and end of light pulses.
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light pulse can evoke postillumination effects at a distance from the
illuminated area.
It should be pointed out that application of comparatively short
light pulses is suitable for the initial analysis of streaming-assisted Fm'
changes because the Fm' responses have simpler shape than in the
case of long pulses or continuous light.
3.3. Cyclosis-dependent NPQ at variable distance from the light–shade
margin
The 60-s light pulses applied upstream of the analyzed area
induced Fm' responses with front and rear slopes of roughly
symmetrical shape. Such responses, somewhat similar to chromato-
graphic peaks in elution chromatography, ﬁt satisfactorily to the
Gaussian curves. Fig. 4A shows examples of normalized sign-inverted
Fm' changes induced by a 60-s pulse and the respective ﬁtting curves.
Open symbols (squares and circles) show Fm' changes induced by a
light pulse applied through a 0.4-mm optic ﬁber at a distance of
1.5 mm from AOI in two replicate measurements. It is seen that the
two sets of data points were ﬁtted with almost coincident lines that
could be used for determining peak positions along the time axis.
Closed triangles in Fig. 4A represent Fm' changes observed in the
same AOI under application of a 60-s light pulse through a 2-mmFig. 4. Cyclosis-dependent Fm' changes induced by 60-s full-intensity pulses of LED-
emitted white light at variable distances from the light–shade margin. (A) Normalized
(sign-inverted) Fm' responses ﬁtted with the Gauss curves: open circles and squares
(ﬁtting curves 1, 2) designate replicate Fm' responses to 60-s pulses applied through a
0.4-mm optic ﬁber positioned at a distance of 1.5 mm upstream of AOI; solid triangles
and ﬁtting curve 3 represent the Fm' response to the pulse applied through a 2-mm light
guide positioned at a distance of 2.5 mm between AOI and the edge of ﬁber-optic core.
The intensity of background light was 31.6 μmol m−2 s−1. The time is given relative to
the time point at which the light pulse was switched on. (B) Position of the peak on the
ﬁt curves as a function of distance between AOI and 0.4-mm optic ﬁber located
upstream of AOI. Light pulse duration was 60 s, the intensity of permanent background
light was 31.6 μmol m−2 s−1. The inverse of the slope (72 μm/s) falls into the typical
range of streaming velocities (70–100 μm/s). The time is given relative to the time point
at which the light pulse was switched on. Data represent mean values and standard
errors of the mean obtained from replicate measurements with three cells.
(C) Amplitude of Fm' changes induced by 60-s light pulses as a function of the distance
between AOI and 0.4-mm optic ﬁber positioned upstream of AOI. Data represent mean
values and standard errors obtained from experiments with three cells. Straight line is a
linear ﬁt of experimental data points.ﬁber-optic bundle at a distance of 2.5 mmupstream of AOI. In this case
the Fm' peak became broader and the peak position in the ﬁtting curve
was shifted to longer times. The delayed appearance of the peak is in
accord with the notion that the modiﬁed cytoplasm traveled a longer
way (distance d of 2.5 mm rather than 1.5 mm) from the place of its
origin toward AOI. The broader peak width is consistent with the fact
that the illumination window was wider (2 mm versus 0.4 mm) and,
accordingly, the layer of irradiated cytoplasm was geometrically
larger in this case.
Fig. 4B shows the peak position on the Fm'-ﬁtting curves as a
function of distance d between AOI and the irradiation point. The plot
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distance between the light spot and AOI, the longer time was needed
to observe the Fm' wave (NPQ peak). The plot was linear in a ﬁrst
approximation. The inverse of the slope of this straight line (~72 μm/s)
was in the velocity range typical of cytoplasmic streaming in
Characean cells. The ordinate segment, corresponding to zero distance
d (40 s), represents the time of the complete stimulus–response cycle
except for the step of mediator migration with the streaming
cytoplasm. We ascribe these stages tentatively as: (i) processes
occurring in brightly illuminated chloroplasts, which are associated
with the release of a messenger substance to the ﬂow or with the
depletion of some essential metabolite from the cytoplasm and (ii)
the exchange of the essential intermediate between streaming
cytoplasm and shaded chloroplasts followed by NPQ development.
The characteristic time for stage (i) was estimated at ~20 s (see
Section 3.2). Then, the characteristic time of stage (ii) is also about
20 s.
The amplitude of cyclosis-mediated Fm' change decreased with
the increase in distance d between AOI and the light guide position.
The plot in Fig. 4C suggests that the cyclosis-mediated Fm' changes
become inconspicuous at a distance d above 6 mm. In our view, at
longer distances the modiﬁed cytoplasm returns to its nondisturbed
composition along its travel from the site of irradiation.Fig. 5. Light response curves for the effective quantum yield of PSII electron ﬂow (ΔF/Fm')
in chloroplasts of Chara corallina cell as measured under (1) whole-cell illumination and
(2) illumination of a 2-mm-wide cell part with AOI in the center and the remaining cell
part shieldedwith a black screen: (A) physiological conditions, the velocity of cytoplasmic
streaming v=72 μm/s; (B) complete inhibition of streaming after 2-h incubation in the
presence of 30 μM cytochalasin B; (C) 3 h after the removal of inhibitor and restoration of
cytoplasmic streaming. The cell was illuminated with blue light (λb580 nm); chlorophyll
ﬂuorescence was collected from a circular area (diameter 100 μm) at the lower
chloroplast layer. Standard deviations of ΔF/Fm' data points determined for a group of
four cells were ≤0.05 for most irradiances.3.4. Cytoplasmic ﬂow from the shade area is beneﬁcial for the chloroplast
photosynthetic activity at high irradiance
The quenching of Fm', promoted by cytoplasmic ﬂow from brightly
illuminated areas to moderately lit cell regions, implies the protective
decline of photosynthetic efﬁciency owing to the increased dissipa-
tion of excitation energy to heat. Conversely, the ﬂow of cytoplasm
from darkened regions to moderately lit cell areas might promote the
photosynthetic activity. In order to test this assumption we compared
chlorophyll ﬂuorescence parameters on microscopic cell regions
when the whole cell or a small cell part were exposed to light of the
same quality and intensity under conditions of active cytoplasmic
streaming and after inhibition of streaming with a speciﬁc actin
inhibitor, cytochalasin B [21,22].
Fig. 5 shows the light response curves of the effective quantum
yield of PSII electron ﬂow assessed on a microscopic cell region when
the entire cell was illuminated (curves 1) and when the major cell
part was screened while only a 2-mm cell portion with AOI in the
center was irradiated (curves 2). In the untreated cell (Fig. 5A) the
elevation of PFD to 100 μmol m–2 s–1 was accompanied by the
decrease in ΔF/Fm' under illumination of entire cell (curve 1) but
had little effect under local illumination conditions (curve 2). The
decrease in the effective quantum yield of PSII at a low intensity
portion of the light curve was largely due to non-photochemical
quenching, indicating that the threshold for NPQ was about
30 μmol m–2 s–1 under whole-cell illumination.
When the cytoplasmic streaming was inhibited after 2-h incuba-
tion of the cell in the presence of cytochalasin B (Fig. 5B), the light
response curve for ΔF/Fm' (as well as for NPQ) measured under overall
illumination remained almost unchanged, whereas the light curve
measured under illumination of the small cell area was altered and
approached the one characteristic of entire cell illumination. Standard
deviations of about 0.05 as a measure of ΔF/Fm' variability indicate
that the difference between curves 1 and 2 is signiﬁcant only under
control conditions in the absence of cytochalasin B. Clearly, the
interruption of cyclosis-mediated communication between shaded
and illuminated cell regions diminished the photosynthetic activity of
chloroplasts at elevated irradiances, supporting the view that the
arrival of cytoplasm from darkened cell regions is beneﬁcial for
photosynthetic efﬁciency (increase in ΔF/Fm'), while the ﬂow of
cytoplasm from irradiated regions diminishes ΔF/Fm'.The effect of cytochalasin B treatment was reversed upon the
recovery of cyclosis after cell washing for 2 h with a fresh medium
(Fig. 5C). In this case the light response curves for ΔF/Fm' returned to
their initial shapes. Speciﬁcally, the photochemical efﬁciency of PSII
(ΔF/Fm') increased in a wide range of PFD values. At the highest
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treatment, indicating an incomplete recovery. Furthermore, the
restoration proceeded faster in cell regions that had not been exposed
to saturating light pulses. It is worth noting that saturating ﬂashes
belong to the protocol of the ﬂuorescence measurement.
Fig. 6 shows the kinetics of Fm' changes induced by illumination of
the whole cell and small cell area with blue light of ﬁxed intensity
(71 μmol m–2 s–1) before and after the inhibition of cytoplasmic
streaming with cytochalasin B. When the whole cell was exposed to
light, the Fm' ﬂuorescence decreased to a low steady level, indicating
the sustained NPQ (Fig. 6A, curve 1). By contrast, the exposure to light
of a 2-mm cell part with AOI in the center induced only temporal
decrease in Fm' followed by the Fm' restoration (curve 2). The release
of quenching after its temporal increase is consistent with a high PSII
efﬁciency under steady-state conditions in partly illuminated cells.
Following the inhibition of cyclosis after the treatment of the cell
with cytochalasin B for 2–2.5 h, the kinetics of Fm' changes induced by
overall and partial illumination became almost identical. The overlap
of kinetic curves became evident when the streaming still occurred at
diminished velocity (Fig. 6B), and the curves remained superimposed
after the streaming velocity dropped to zero (Fig. 6C). Both under local
and whole-cell lighting strong NPQ was observed, indicative of the
suppressed PSII efﬁciency. In the end of the experiment, cytochalasin
B was removed and the cell was washed at regular intervals for 2 h
with fresh bath solution. When the cytoplasmic streaming was
restored, the kinetics of Fm' changes induced by overall and smallFig. 6. Induction curves of Fm' ﬂuorescence in chloroplasts of C. corallina cell exposed to 71 μm
a 2-mm-wide cell area in the middle of internode with the remaining cell parts shielded
streaming v=107 μm/s); (B) after 2-h incubation in the presence of 15 μg/ml cytochalasin B (
cell with the restored streaming, 2 h after the removal of cytochalasin B (v=75 μm/s). Upwarea illumination became divergent similarly to control conditions
(Fig. 6D). Nevertheless, the restoration of Fm' responses to partial
illumination of the cell was incomplete: the Fm' level in the end of the
light period remained lower than prior to illumination. Some
oscillations of Fm' under local illumination were noted, as shown in
Fig. 6D. After the end of cytochalasin B treatment, the recovery of
cytoplasmic streaming in the cell region exposed to multiple
saturating pulses took longer time than in cytochalasin-treated cell
parts and entire internodes unexposed to saturation pulses.
3.5. Enhanced Fm' responses to electrical membrane excitation at intense
localized light
The dependence of Fm' and ΔF/Fm' on cyclosis under spot
illumination is likely due to different composition of the cytoplasm in
darkened and illuminated cell regions. In this case the chloroplasts
ﬂushed with “dark” or “irradiated” cytoplasm at equal PFD might differ
in the content of components shuttled between the cytosol and stroma.
If such a component is shared by photosynthetic and signaling
pathways, the illumination pattern would modulate cell responses not
only to light but also to other stimuli. The chloroplast photosynthetic
activity in intact Chara cell is known to decrease temporarily upon
electrical excitation of the plasma membrane [12,20,23].
Figs. 7A and B show that the Fm' changes caused by the plasma
membrane electrical excitation differed substantially depending on
the illumination pattern (whole-cell versus partial illumination), evenol m−2 s−1 PAR under conditions of (1) whole-cell illumination and (2) illumination of
from light: (A) physiological conditions (artiﬁcial pond water, velocity of cytoplasmic
v=27.6 μm/s); (C) after 2.5-h incubation with cytochalasin B (v=0 μm/s); (D) washed
ard arrows mark the moments when light was switched on.
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experiments with a group of seven cells, at PFD of 28 μmol m–2 s–1 the
electrically triggered action potential was followed by the Fm'
decrease under whole-cell illumination but was without effect in
the case of partial illumination (Fig. 7A). When PFD was elevated to
50 μmol m–2 s–1, the electrical excitation resulted in Fm' quenching
under illumination of a small cell area but had no effect on Fm' in the
case of whole-cell illumination, since Fm' was already quenched by
light at this PFD (Fig. 7B).
The impact of localized illumination on chloroplast responses to
electricalmembraneexcitationwasmost evidentwhena thinopticﬁber
irradiated a small portion of the cell in the absence of background light.
Fig. 7C shows the Fm' response to localized illumination (PFD
~375 μmol m–2 s–1) and to triggering of action potential when the
optic ﬁber illuminated AOI, while the rest part of the cell was kept in
darkness. Switchingon the lightwas followed by rapid quenchingof Fm'.
After the initial drop Fm' started to increase within less than 1 min and
returned close to theoriginal level. It is knownthat sucha recovery of Fm'
relates to the activation of CO2 ﬁxation [17]. By contrast, much lower
PFD levels caused a sustained decrease in Fm' and the depression of
ΔF/Fm' under whole-cell illumination (Figs. 5, 6, 7B). Furthermore,
comparatively weak supplementary background light eliminated the
stage of Fm' recovery (Fig. 1A, curve 3).
The Fm' response to the action potential generation was clearly
manifested even at high intensity light directed through the 0.4-mm
optic ﬁber. Remarkably, the Fm' changes induced successively by lightFig. 7. Effects of electrical membrane excitation on chlorophyll ﬂuorescence under overall an
the action potential (zigzag arrows) under illumination of the whole cell (solid symbols) and
(B). The kinetic curves were obtained by averaging records for 6–8 independent measurem
mean. (C) Kinetics of Fm' changes in response to continuous localized illumination (white ligh
the action potential by a pulse of electric current (10 μA, 200 ms; arrow AP). Measurements w
the Chara cell exposed to localized illumination in the resting state (solid symbol curve) an
curve). Data represent mean values and standard errors of the mean determined in three eand electrical stimuli were comparable in size. This contrasts to
reciprocal relations observed for these Fm' responses under whole-cell
illumination. When Fm' was persistently lowered by illumination of
entire cell, the generation of action potential induced no or weak
additional ﬂuorescence quenching (Fig. 7B and [24]). The origin of
electrical excitation-induced quenching involves ΔpH formation at
the thylakoid membranes [24] but the exact mechanism is still a
matter of discussion [25,26].
The protocol shown in Fig. 7C was used to measure the electrically
induced Fm' changes at various intensities of localized light. Based on
Fm' values observed prior to electrical stimulation, the minimal Fm'
attained after the membrane excitation, and Fmmeasured in the dark-
adapted sample, we calculated NPQ in the resting cell (NPQrest) and
the highest NPQ in the postexcitation period (NPQexc) at various light
intensities. Fig. 7D shows the averaged results of experiments with
four cells. The excitation-induced changes in NPQ remained high even
at maximal intensities of localized illumination admitted through the
0.4-mm optic ﬁber. Thus, the ﬂow of cytoplasm from darkened to
illuminated cell regions not only stimulated the photosynthetic
activity of chloroplasts but also shifted the range of chloroplast
responses to membrane excitation toward higher light intensities.
4. Discussion
The results show that light response curves for PSII quantum yield
of electron ﬂow differ substantially depending on cell illuminationd local lighting. (A, B) Changes in Fm' chlorophyll ﬂuorescence triggered by generation of
of a small cell area (open circles) at PFD of 28 μmol m−2 s−1 (A) and 50 μmol m−2 s−1
ents with different cells; data are presented as mean values and standard errors of the
t, 0.4-mm optic ﬁber, 375 μmol m−2 s−1; arrow Light on) and to subsequent triggering
ere performed in the absence of background light. (D) Light response curves for NPQ in
d for the peak of NPQ observed after the generation of action potential (open symbol
xperiments with different cells.
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are eliminated upon the cessation of cyclosis in the presence of
cytochalasin B (Fig. 5). Such a dependency on cytoplasmic streaming
indicates that high photosynthetic efﬁciency in chloroplasts exposed
to a narrow light beam cannot be due to trivial sufﬁciency of the
external substrate (CO2) per unit illuminated area, as compared to the
depletion of this substrate by chloroplasts competing for CO2
assimilation under whole-cell illumination. Cable properties of the
Characean internode may inﬂuence photosynthetic activity through
differential changes in cell membrane potential and potential-
dependent ion ﬂuxes upon localized and whole-cell illumination.
However, the electrical circuit model cannot explain the asymmetry of
chloroplast photosynthetic properties in cell regions residing up-
stream and downstream of the illumination area. Hence, it is the
cytoplasmic streaming that accounts both for the asymmetry of
distant chloroplast interactions and for the high photosynthetic
efﬁciency in moderately illuminated cell areas ﬂushed with the
cytoplasm arriving from darkened regions.
Thus, cyclosis is involved in regulation of photosynthetic electron
transport. The inﬂuence of lateral transport was evident in the vicinity
of light–shade borders and was inconspicuous under illumination of
entire cell. These observations clarify the reason why the effect of
cessation of cyclosis on CO2 ﬁxation was not observed under whole-
cell illumination [5]. The cyclosis-mediated interactions are clearly
manifested when cell parts communicating through lateral transport
are metabolically nonuniform, e.g., exhibit dark and photosynthetic
metabolism, as it probably occurs under the imposed stepwise light
gradient or under natural mosaic illumination. Conversely, the
spreading of uniformly composed cytoplasm along evenly illuminated
cells would be in some respects similar to the lack of lateral exchange.
The cyclosis-mediated distant interactions can result both in the
depression and stimulation of linear electron transport, provided the
moderately illuminated chloroplasts are bathed with “irradiated” and
“dark” cytoplasm, respectively (Figs. 1, 5, 7). It is curious that the
beam of bright light can affect ﬂuorescence and photosynthesis in
remote cell areas and its effects can appear after the termination of the
light pulse. The time lapse as long as 90 s between the end of a light
pulse and the peak of NPQ could be observed at large separation
distances d. These features are relevant to photosynthesis under
rapidly changing illumination pattern (sunﬂecks), which may be
common for Characean algae in natural environments.
It is currently unknownwhether the cytoplasmmodiﬁed by strong
light is depleted in some essential ingredient (e.g., CO2 or phosphate)
or enriched with some messenger substance or metabolite. In any
case, the length of light pulse ~20 s corresponds to the period of
accumulating or exhausting in the cytoplasm of a physiologically
active substance shuttled across the envelope of brightly illuminated
chloroplasts. Thus, the ﬂow of modiﬁed cytoplasm carries the signal,
whose velocity of migration along the cell was determined from the
slope in Fig. 4B; it was found equal to the rate of cytoplasmic
streaming. An essential requirement to observe this equivalence is
that light intensity is kept constant at various distances d between the
illumination point and AOI. The ordinate intercept in Fig. 4B (~40 s)
corresponds to the total time required for the stimulus–response
cycle, when the duration of lateral transfer is negligible. The content of
metabolite released into or absorbed from the stream returns to its
initial level with the increasing distance, probably because of the
cytoplasm–chloroplast exchange and metabolic conversions. The
longest distance at which the cytoplasm remained modiﬁed and
exerted an appreciable affect on Fm' in experimentswith 0.4-mmoptic
ﬁber was about 6 mm from the point of local illumination.
The propagation of electric signals in characean internodes and
higher plant leaves is known to temporarily suppress photosynthesis
[20,27]. In Characean cells the generation of action potential is closely
associated with the transient cessation of cytoplasmic streaming
([3,28] and references therein). Although the cessation of cyclosis hadan inhibitory impact on ΔF/Fm' under localized illumination (Figs. 5,
6), the effect of membrane excitation on Fm' and ΔF/Fm' cannot be
entirely assigned to the stoppage of streaming. Such effects of
membrane excitation are readily observed under whole-cell illumi-
nation, at which the cessation of cytoplasmic streaming had minor
effect on PSII efﬁciency (Fig. 5). The essential similarity of electrically
induced responses in Chara and in small-sized cells of plant leaves also
argues against such possibility, because the inﬂuence of streaming on
photosynthesis is presumably weaker in mesophyll cells, where the
cyclosis rates and the light heterogeneity at the cell level are lower
than in Characean cells.
The localized illumination was found to stimulate the chloroplast
photosynthetic activity and to promote chloroplast responses to
electrical membrane excitation at high irradiance (Figs. 5, 7). In the
absence of background light when the cell was illuminated through a
thin optic ﬁber with high-intensity light, the stationary Fm' level
remained high (Fig. 7C), indicating insigniﬁcant thermal losses of the
absorbed light energy. The kinetics of light-induced Fm' changes,
comprising the stage of Fm' increase after its initial drop, indicate the
balanced relation between light absorption and CO2 assimilation.
Under localized light, large electrically induced changes in Fm' (and
ΔF/Fm') can be observed at a wide irradiance range, including the
upper PFD levels attainable in our experiments. The shift of action
potential-induced Fm' change toward the elevated PFD range,
illustrated in Fig. 7, might indicate the existence of some laterally
transportable cytoplasmic component whose level is modulated by
both light-dependent operational pathways and by the plasma
membrane electrical excitation. Calcium is one of the candidates for
this role because its cytoplasmic level is modulated by light ([29] and
references therein) and during electrical excitation of the cell. Harada
and Shimazaki reported that photosynthetically active light induces
rapid transient increase in cytosolic Ca2+ level [29], which is
reminiscent of the cytosolic Ca2+ rise involved in the electrical
membrane excitation in plant cells.
5. Conclusions
The vectorial movement of solutes or vesicles from the zone of
bright illumination to shaded cell regions confers asymmetry on
distant interchloroplast interactions and might be involved in the
origin of photosynthetic pattern in cell areas residing at even
irradiance. The mobile mediator causing ﬂuorescence quenching in
remote cell regions travels at a velocity of cytoplasmic streaming. The
cyclosis-assisted inﬂow of some intermediate from the regions
exposed to bright light enhances non-photochemical quenching in
shaded areas and, accordingly, is inhibitory for photosynthesis.
Conversely, the inﬂow of cytoplasm from the darkened cell areas
elevates the photosynthetic capacity of chloroplasts operating at
intermediate irradiance. This enhancement might be related to
intensiﬁed exchange and conversions of metabolites produced in
cell regions with dominant dark and photosynthetic metabolisms.
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